The domestic dog offers a remarkable opportunity to disentangle the genetics of complex phenotypes. Here, we explore a locus, previously identified in the Portuguese water dog (PWD), associated with PC2, a morphological principal component characterized as leg width versus leg length. The locus was initially mapped to a region of 26 Mb on canine chromosome 12 (CFA12) following a genome-wide scan. Subsequent and extensive genotyping of single-nucleotide polymorphisms (SNPs) and haplotype analysis in both the PWD and selected breeds representing phenotypic extremes of PC2 reduced the region from 26 Mb to 500 kb. The proximity of the critical interval to two collagen genes suggests that the phenotype may be controlled by cis-acting mechanisms.
between breeds Parker et al. 2007) . As a direct consequence, intrabreed linkage disequilibrium (LD) extends often on the order of megabases, at times nearly 10-fold that observed in humans (Sutter et al. 2004; Lindblad-Toh et al. 2005) , whereas between breeds, LD rapidly decays (Lindblad-Toh et al. 2005) . In practice, the long LD encountered in pedigree analyses is useful for coarse mapping, such as pinning quantitative trait loci (QTLs) to broad, subchromosomal regions, and multibreed comparisons facilitate fine mapping and haplotype identification, as evidenced by the recent identification of genes for a variety of diseases and morphologic traits (Zangerl et al. 2006; Parker et al. 2007 Parker et al. , 2009 Sutter et al. 2007; Karlsson and Lind -blad-Toh 2008) . Coupled with a 7.5x, high-quality genomic assembly and a dense set of identified single-nucleotide polymorphisms (SNPs) (Kirkness et al. 2003; Lindblad-Toh et al. 2005 ), the dog model offers the potential to map QTLs down to their causal variants.
Previously, pedigree studies using microsatellite markers were used to demonstrate the feasibility of mapping quantitative traits in PWDs, which display skeletal heterogeneity despite originating from only 30 founders (Chase et al. 1999 (Chase et al. , 2002 . Using principal components analysis (PCA) to categorize radiograph measurements from 463 dogs, we previously mapped QTLs for several morphological traits. Principal component 1 (PC1) accounted for 54% of the skeletal variation observed in the PWDs and its loadings described overall skeletal size. The best marker association for PC1 was for a QTL located on chromosome 15 (Chase et al. 2002) , and fine mapping at this locus revealed a single haplotype spanning the insulin growth factor 1 (IGF1) gene that cosegregated with small size in PWDs and approached fixation among many additional small-breed dogs (Sutter et al. 2007 ). These studies demonstrated that a genetic variant responsible for intra-breed morphological traits can also segregate among breeds that represent phenotypic extremes for the same trait. Furthermore, because LD varies among breeds, cross-breed comparisons proved integral to resolving a minimal haplotype (Sutter et al. 2007 ).
The initial mapping studies of Chase et al. (2002) identified PC2 as an inverse correlation between leg length and width. A QTL for PC2 mapped to chromosome 12 (CFA12) (Lark et al. 2006) . Our analysis of SNPs segregating in PWDs has confirmed that association and prompted our fine mapping of the locus, which is summarized below.
MATERIALS AND METHODS
Sample collection and DNA isolation DNA was isolated from blood samples collected from registered dogs of established breeds with at least three generations of available pedigree data. Individuals were recruited through American Kennel Club (AKC)-sanctioned dog shows, specialty events, breed clubs, and veterinary clinics. Samples were collected by licensed veterinarians or trained veterinary technicians through venipuncture of the cephalic vein using standard protocols approved by the national Human Genome Research Institute (NHGRI) Animal Care and Use Committee. In all cases, blood samples were collected into ACD or EDTA anticoagulant and shipped at room temperature to the Ostrander lab. Samples were stored at 4°C before DNA extraction. DNA isolation was performed by HealthGene, Inc. (Ontario, Canada) using standard proteinase K/phenol:chloroform isolation procedures. Quantitated DNA samples were suspended in 10 mM Tris base, 0.1 mM EDTA, aliquoted, and stored at −80°C.
Marker discovery and selection
All SNP positions given correspond to CanFam2. A total of 354 SNPs were selected for genotyping based on known markers included in the dog assembly (Lindblad-Toh et al. 2005 ) (http://www.broad.mit.edu/node/459, http://www.ncbi.nlm.nih.gov/projects/SNP/) or those discovered during Sanger sequencing of amplicons. Primers were designed with Primer3 (Rozen and Skaletsky 2000) using standard parameters, T m = 60°C, and an optimal amplicon length of 500-700 bp. Segments were amplified using standard polymerase chain reaction (PCR) protocols and a 40-cycle touch-down thermocycler program at 61°C-51°C. Sanger sequencing was done using BigDye terminator sequencing kits and standard protocols (Applied Biosystems, Santa Clara, California). Traces were analyzed using PhredPhrap and Consed Gordon et al. 1998 ). For fine mapping in the 500-kb region, 118 amplicons were designed and a total of 65,938 bp out of 416,264 bp were entirely sequenced, i.e., 16% of the region.
Phenotypic assessment of breeds
Phenotype assessment was based on tape measurement data (Sutter et al. 2008 ) collected from individual dogs of distinct breeds. For symmetrical left and right leg measurements, data were averaged. In total, 19 measurements (Table 1) were included for PCA from only those breeds with at least three representative members (707 dogs from 66 breeds). Analysis of measurement data was done using the nipalsPca method, part of the pcaMethods package implementable for R statistical software.
Genotyping and association analyses
For the Illumina Golden Gate assay (Fan et al. 2006) , 123 PWDs were genotyped according to the manufacturer's protocol (Illumina Inc., San Diego, California). Genotypes were called using Beadstudio data analysis software v3.1 (Illumina Inc.). Association analysis was done using the Wald test implemented in PLINK (Purcell et al. 2007 ). Additional SNP genotyping was performed on 296 dogs using the SNPlex genotyping system and an ABI 3730XL genome analyzer with standard protocols (Applied Biosystems, Santa Clara, California). Genotype calls were generated using Gene-Mapper software v4.0 (Applied Biosystems). Of the 354 SNPs assayed, those with >20% missing data or a minor allele frequency of <1% were discarded, leaving 234 SNPs for further analysis. Individuals with >40% missing genotypes were also discarded from analysis, leaving 243 dogs for analyses (35 ThL dogs and 208 TiS dogs). Single-marker χ 2 association was performed using PLINK (Purcell et al. 2007 ). Association testing of predicted haplotypes was done using Haploview (Barrett et al. 2005) . The 1-Mb region defined by Haploview contains 90 SNPs. Those 90 SNPs were used to infer haplotypes using PHASE v2.1 (Stephens et al. 2001 ) for comparison be tween breeds.
RESULTS
A whole-genome scan of 463 PWDs using microsatellites identified a locus on CFA12 that controls PC2, the ratio of leg length to width ( Fig. 1 ; Table 2 ) (Lark et al. 2006) . The bestassociated microsatellite, FH3585, was located at position 39,124,161 and had a p-value of 1.11 × 10 −16 . To confirm this association, an Illumina Golden Gate custom assay with 384 SNPs spanning the 26 Mb from base pairs 23,066,909 to 49,074,637 was designed; 123 PWDs for which PC2 values were available were genotyped. The best-associated SNP had a p-value of 2.50 × 10 −08 and was located at position 35,077,940 bp. Seven additional contiguous SNPs located from base pairs 37,890,443 to 38,165,577 yielded significant results with p-values ranging from 5.55 × 10 −05 to 6.14 × 10 −07 (Fig. 2, top) . Analysis of assembled haplotypes revealed that PWDs with positive PC2 scores were more homozygous for one haplotype in the 275,134-bp region spanning base pairs 37,890,443 to 38,165,577 than were PWDs with negative PC2 scores (25/31 compared to 7/30, respectively, p-value = 7.43 × 10 −6 ). However, LD was, as expected, extensive in the breed due to the small number of founders.
To reduce LD and thereby eliminate regions not associated with PC2, we genotyped dogs from several unrelated breeds. To assess breed average leg length/thickness variation, we used tape measurement data from 707 dogs of 66 distinct breeds to run PCA (Sutter et al. 2008) . Although our measurements did not include leg bone diameter, they did include leg circumference, which we assumed would serve as a surrogate for leg bone diameter. As expected, factor loadings for the multibreed PC2 indicated that leg length was inversely correlated to leg circumference (Table 1) . Mean PC2 values were calculated for each of the 66 breeds and those with extreme PC2 mean values were selected for fine-mapping studies (Fig. 3) . For simplicity, we refer to individuals at the ends of the PC2 continuum as thin, long-legged (ThL) or thick, short-legged (TiS) dogs.
The PWD results indicated that the region of strong -est interest was between base pairs 35,077,940 and 38,165,577. We selected 354 putative SNPs listed in the CanFam assembly (Lindblad-Toh et al. 2005) as well as SNPs discovered by sequencing in the region spanning base pairs 34,414,776 to 38,676,086 (i.e., >4 Mb) and containing 30 genes (Fig. 2, bottom) . In total, we genotyped 296 dogs from 32 breeds (60 dogs from 8 ThL breeds and 236 dogs from 24 TiS breeds) using the expanded marker set. Testing for association using χ 2 analysis of individual SNPs revealed two SNPs at positions 38,159,975 and 38,207,563 , which demonstrated highly significant associations (p-value = 2.24 × 10 −20 ; Fig. 2, bottom) .
Using the program Haploview (Barrett et al. 2005) , we identified associated haplotypes across the region. This analysis showed that seven contiguous LD blocks between base pairs 37,241,446 and 38,263,102 had significant p-values <10 −13 , thus reducing our region of interest to ~1 Mb. This region includes only three genes: RIMS1, MRPS9, and KCNQ5.
Haplotype sharing among the different breeds was evaluated using PHASE inference (Stephens et al. 2001 ) and the 90 SNPs contained in the 1-Mb region. The most common haplotypes in the region were carried by 8 of 10 "chondrodysplastic" breeds, as well as the American cocker spaniel, all of whom are considered to be TiS-type breeds. Chondrodysplastic breeds are those that display fore-shortened limbs resembling disproportional dwarfism (American Kennel Club 1998; Parker et al. 2009 ). We also generated PHASE-inferred haplotypes using 20 SNP sliding windows at 10 SNP intervals for a total of eight windows. Only the first two windows contributed to the PHASE result that was observed with the entire region; subsequent windows indicated that an Italian greyhound, a ThL breed, shared the haplotype carried by the majority of TiS breeds. Thus, this last analysis allowed us to narrow the region of interest to between base pairs 37,241,446 and 37,657,100, which is less than 500 kb.
To further refine this 500-kb region, amplicons were designed and sequenced to discover new SNPs. These SNPs were then genotyped on a panel of 55 dogs: 22 ThL, 26 chondrodysplastic TiS, and 7 TiS nonchondrodysplastic. In total, 119 SNPs and indels were genotyped. Following quality filtering, 85 SNPs from 55 dogs were kept for association analysis using PLINK (Purcell et al. 2007 ). This analysis revealed 14 SNPs and one indel with p-values <10 −9 . Six of these SNPs were homozygous among ThL dogs (the exception being one heterozygous Italian greyhound), whereas thick-legged dogs carried all three genotypes. Those six SNPs are localized between base pairs 37,577,209 and 37,581,015, in a region where 25,884 bp was entirely sequenced (between base pairs 37,560,863 and 37,586,747) (Fig. 4) . We also ran PHASE to infer haplotypes within the 26-kb region that was sequenced (Fig. 5) . Two closely related haplotypes were found among 70.8% of ThL chromosomes, whereas among TiS breeds, the most common haplotype accounted for only 20% of chromosomes. These results suggest that the CFA12 genetic variant was selected to produce animals with long, thin legs.
DISCUSSION
A pedigree-based, genome-wide microsatellite scan using PWDs indicated that a QTL on CFA12 is a major determinant of skeletal PC2 (leg length vs. leg width; Lark et al. 2006) . By using a multibreed approach for fine mapping, the region of interest was initially reduced from 26 Mb to just over 3 Mb, and then finally to ~500 kb. The fine mapping results define a broad region of homozygosity found only among ThL dogs, suggesting that the CFA12 variant mapped here may function specifically to increase the ratio of leg length versus width.
Additional evidence of a leg morphology determinant on CFA12 comes from a separate study investigating the genetics of chondrodysplasia in domestic dogs. In this multibreed GWAS (genome-wide association study), a highly significant association was found on chromosome 18, corresponding to a FGF4 retrogene insertion (Parker et al. 2009 ). Other loci with less significant associations were identified in that study, one of them located on CFA12 (p-value = 5 ×10 −33 ) in a region corresponding to the CFA12 locus described here. Given the aforementioned homozygosity found among ThL breeds, we speculate that this genetic variant is incompatible with the FGF4 retrogene, because most chondrodysplastic dogs display the retrogene insertion and, simultaneously, rarely carry the ThL haplotype.
According to the CanFam2 assembly (Lindblad-Toh et al. 2005) , the QTL defined by the initial PWD analyses contain at least 30 genes. However, two exceptional candidates, COL19A1 and COL9A1, located within this 3-Mb region, stand out: Both encode collagen genes, whose function in bone matrix formation makes them appealing candidates for regulating limb bone morphology. Col9a1-null mice display a reduction in long-bone growth that coincides with bone thickening (Dreier et al. 2008) . Furthermore, TSP3/TSP5/ Col9a1 combinatorial knockout mice display skeletal defects including a reduction in limb length, a phenotype attributed to disorganization of the growth plates (Posey et al. 2008) . Despite reducing the critical interval nearly sixfold, we were unable to determine the actual causal variant using our multibreed approach. In fact, the strongest associations and best haplotype from our multibreed analyses indicate that the relevant genetic variant is located upstream of both collagen genes. The 500-kb region identified by our fine mapping is devoid of genes with known osteogenic function, and sequencing of the RIMS1 exons located in this region failed to reveal SNPs in strong association with PC2. On the basis of these results, it is likely that the causal mutation is hidden within intergenic sequences, perhaps affecting a cryptic distant enhancer of a neighboring gene, or the mutation could occur as a novel gain-of-function insertion, or rearrangement, as recently demonstrated by Parker et al. (2009) . Ultimately then, discovery of the causal mutation will likely require sequencing of the entire 500-kb region in a panel of TiS and ThL dog breeds. Although such an endeavor would have previously been impractical, targeted sequence capture technologies coupled with next-generation sequencing should allow deep sequencing across the 500-kb region in the very near future.
PC2 highlights a trade-off in functional morphology between energy-efficient speed (long, thin [light] bones, e.g., the greyhound) and the generation of force (short, thick bones, e.g., the pit bull) (Chase et al. 2002) . This trade-off appears to be ancient and is found in the red fox (Vulpes vulpes) (Kharlamova et al. 2007 ), a lineage that represents the outgroup of modern canids separated from Canis familiaris by 10 million years (Wayne 1993; Vila et al. 1997 ). This indicates an evolutionarily conserved coordinate network of growth regulation. The locus on CFA12 may be modifying part of this network along a functional continuum, regulating elongation-the endochondrial growth that takes place at the epiphysial plateversus periosteal growth that increases bone width. It remains unclear whether one gene controls both growth zones or whether there are two closely linked loci within the large LD spanned by the 500-kb interval. Future studies using the approach exemplified here should discriminate between these two possibilities. However, the fact that one linkage group can regulate such a trade-off explains why it has been possible for breeders to rapidly change the functional morphology of dogs encompassing a range that includes so many different morphological types. Box whisker plot of PC2 by breed. Nineteen measurements from 707 dogs of various breeds were analyzed by PCA. In each box, the thick black line indicates the median PC2 value, whereas the upper and lower limits of each box represent the first and third quartiles, respectively. Dashed lines extend for data points within 1.5x the interquartile range. Open circles indicate outliers. A continuum of leg length/width ratio is observed among dogs of various breeds. Names in bold indicate breeds that were chosen for the multibreed fine mapping of the locus. PHASE-inferred haplotypes for 57 dogs. PHASE inference was used to generate haplotypes from polymorphisms genotyped within the 26-kb region that was sequenced. Alleles of the three most common haplotypes (>5 chromosomes) are depicted according to position; the major allele among ThL dogs are colored blue and the minor allele yellow. Percentages indicate the number of haplotypes counted, divided by the total number of chromosomes for ThL or TiS dogs. Allele D effects on length and width were estimated using a mixed model with consanguinity between pairs of dogs as the random effect (pedigree effect) and allele count (0,1,2) as the fixed effect.
a Values are residuals after removing the effect of size (PC1).
b Represents the magnitude (number of standard errors) and direction of the allele effect with respect to the population as a whole.
c Indicates the significance of the effect.
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